ABSTRACT A study was conducted to determine the AME n contents of fat by-products from the soybean oil industry for broiler chickens. A total of 390 slow-feathering Cobb × Cobb 500 male broilers were randomly distributed into 13 treatments having 6 replicates of 5 birds each. Birds were fed a common starter diet from placement to 21 d. Experimental corn-soy diets were composed of four fat sources, added at 3 increasing levels each, and were fed from 21 to 28 d. Fat sources utilized were acidulated soybean soapstock (ASS), glycerol (GLY), lecithin (LEC), and a mixture (MIX) containing 85% ASS, 10% GLY and 5% LEC. A 4 × 3 + 1 factorial arrangement was used with 4 byproducts (ASS, GLY, LEC, or MIX), 3 inclusion levels and 1 basal diet. Each of the four fat by-product sources was included in the diets as follow: 2% of byproducts (98% basal + 2% by-product), 4% (96% basal + 4% by-product), or 6% (94% basal + 6% by-product).
INTRODUCTION
Fat is routinely added to broiler diets in order to increase the energy content of diets as well as to provide essential fatty acids, fat-soluble vitamins, and enhanced absorption of fat-soluble nutrients (Abawi, et al., 1985; Hossain and Das, 2014) . Many factors can affect energy utilization from dietary fat by poultry, including bird age as well as fatty acid chain length and degree of saturation of the fat source (Renner and Hill, 1960; Wiseman and Salvador, 1989) . Regardless of the sources utilized in poultry feeds, the price of commercially available fats, such as degummed soy oil, used extensively in poultry diets worldwide, have been increasing, following a trend of constant growth in the biodiesel produc-tion in the recent years (Statista, 2016) . In this context, some by-products of the soybean oil industry can be utilized to reduce energy costs in poultry diets, especially because these sources are by-products obtained during the processing of soil oil for human consumption or biodiesel production. Examples of these by products are: acidulated soybean soapstock (ASS), glycerol (GLY), and lecithin (LEC), which have alternately been used as energy sources in diets formulation for broiler chickens (Peña et al., 2014; Vieira et al., 2015) .
Lecithin is obtained from crude soy oil, a process conducted prior to oil refining, and yields between 1.5 to 3.1% (Overland et al., 1994) . In order to obtain food-grade refined soy oil, reactions with alkali through to neutralization follow leading to residual ASS. This is a mixture of free fatty acid salts, monoand diglycerides that corresponds to 6% of the original crude soy oil (Hammond et al., 2005) . On the other hand, biodiesel (fatty acid methyl esters) is derived from triglycerides by trans esterification with methanol, 124 which yields residual GLY in a proportion of 8% of the total produced biodiesel (Min et al., 2010) . As a feed ingredient, LEC can potentially be used as energy source, which also provides phosphorus (P) and choline (Woerfel 1981; Menten et al., 1997) .
As an energy source, the adequate utilization of dietary triglycerides is only achieved through emulsification by bile and further hydrolysis of the fat or oil to monoglycerides and free fatty acids (FFA) (Hofman and Borgström, 1962) . Acidulated soapstocks, such as ASS, are not efficiently utilized by poultry as neutral fats, such as degummed soy oil (DSO), in a weightby-weight basis (Bornstein and Lipstein, 1963; Freitas et al., 2005) . Since the majority of the fatty acids in ASS is non-esterified (Vieira et al., 2002) , their lower corrected apparent metabolizable energy (AME n ) value in comparison to their neutral fat counterparts may be related to an insufficient amount of monoglycerides, and therefore to an incomplete micelle formation, which leads to lower absorption (Sklan, 1979) . Glycerol yields energy through the glycolytic and tricarboxylic acid pathways in animals as a precursor of gliceraldehyde 3-phosphate and, therefore, can be used as an energy source in poultry diets (Nelson and Cox, 2002) . Previous research has demonstrated that GLY can be safely used as a feed ingredient for poultry when added to diets at a 5% level (Campbell and Hill, 1962; Lessard et al., 1993; Cerrate et al., 2006) . A study conducted by Dozier et al. (2008) determined the AME n value for glycerin (86.95% GLY) of 3,434 kcal/kg, an AME n value that corresponds to 92 to 95% of its gross energy (GE).
Mixing sources of fats that have different degrees of saturation have been demonstrated to present benefits if used in poultry diets, when the proportion of unsaturated to saturated fats increase (Renner and Hill, 1960; Dvorin et al., 1998) . In addition, synergistic effects in energy utilization have been shown in broilers when GLY and ASS were added to the same feed (Sklan, 1979) . Notwithstanding, simultaneous utilization of LEC, ASS, and GLY is not usual in poultry diets.
Soybean oil by-products, such as those previously presented, are available in many areas of the world. They are low cost fat sources that are still not widely utilized in poultry feeds, mainly because of the lack of data on their AME n value. Therefore, the objective of the current study was to determine AME n values of ASS, GLY, and LEC alone as well as in a mixture constituted by proportions of these 3 by-products, similar to their individual contribution in the original crude soy oil for broiler chickens.
MATERIALS AND METHODS
All procedures used in the current study were approved by the Ethics and Research Committee of Federal University of Rio Grande do Sul, Porto Alegre, Brazil.
Bird Husbandry
A total of 390 one-day-old, slow-feathering Cobb × Cobb 500 male chicks, vaccinated for Marek's disease at the hatchery (BRF, Lajeado, Brazil), obtained from the same broiler breeder parent flock, with an average BW of 46 g, were randomly placed in 78 wire cages (0.9 × 0.4 m 2 ). Each cage was equipped with one trough feeder and one drinker. Birds had ad libitum access to mash feeds before the experimental period and water was provided ad libitum during all study. Average temperature was 32
• C at placement being reduced by 1 • C every 2 d until 23
• C to provide comfort throughout the study. Lighting was continuous until d 28 posthatch.
Diets and Experimental Design
A standard corn-soy-based broiler starter diet was fed from 1 to 21 d. Three hundred and ninety 21-dayold chicks were weighed individually, sorted by BW, and assigned to 6 replicate cages per diet with 5 birds per cage and fed the 13 experimental diets from d 21 to 28 posthatch. Birds were allocated in a completely randomized design. The experimental design was a 4 × 3 + 1 factorial of 4 fat by-product sources, GLY, ASS, LEC and a mixture (MIX) containing 85% ASS, 10% GLY, and 5% LEC. The proportion of components in the MIX was chosen to mimic the proportions of FFA, LEC, and GLY, found in the crude soybean oil (Hammond et al., 2005) . Birds were fed a control diet (Table 1) without fat inclusion and each of the by-product sources was added at 3 levels (2, 4, and 6%) to the basal diet as follows: control diet (100% basal diet), 2% inclusion (98% basal diet + 2% by-product), 4% inclusion (96% basal diet + 4% by-product), and 6% inclusion (94% basal diet + 6% by-product). The experimental diets having the increased fat inclusion were respectively provided at 98, 96, and 94% of ad libitum feed intake. The strategy of feeding varying proportions of ad libitum intake was first suggested by Adeola (2001) and later utilized in a similar research work (Dozier et al., 2008) and intends to ensure that each treatment group consume the same amount of the basal diet. Therefore, differences in AME n intake were expected to be only due to the added fat and could be measured using linear regression equations. This was obtained by regressing the consumed AME n against feed intake with the slope representing the determined AME n of each supplemental fat by-product (Adeola, 2001 ). Compared to other determinations, this method is advantageous because the slope estimation involves multiple inclusion levels (Adeola, 2001) .
By-products used in the present study were commercially obtained from local industries (ASS and LEC from Meridional, Londrina, Brazil and GLY-99% from Table 2 .
Excreta Collection and AME n Determination
Excreta were collected twice daily on wax paper for 72 consecutive h from 26 to 28 d. These were mixed and pooled by cage and then stored at −20
• C until further analysis. In preparation to energy determinations, excreta were dried in a forced-air oven at 55 • C (DeLeo, Porto Alegre, Brazil) and ground to pass through a 0.5 mm screen (Tecnal, TE-631/2, São Paulo, Brazil). Dry matter (DM) analyses of samples were performed after oven drying the samples at 105
• C for 16 h (method 934.01; AOAC International, 2006). Excreta and diets were analyzed for GE using a calorimeter calibrated with benzoic acid as a standard (IKA Werke, Parr Instruments, Staufen, Germany). Calculations of AME n for each fat source were done based on the following equation adapted by Wiseman et al. (1986) and Dozier et al. (2008) :
where GE i represents the gross energy of the fat source; EO t represents the energy output of the excreta originated from each experimental diet; EO r represents the energy output of excreta from the control diet; and X represents the percentage of inclusion of each test ingredient (fat sources).
Crude protein (N × 6.25) was determined by the combustion method (method 968.06; AOAC International, 2006). The calculated AME was corrected to zero N retention (AME n ) using a factor of 8.22 kcal/g (Hill and Anderson, 1958) . Total feed consumption was determined from the difference obtained between offered and leftover feeds per cage.
Statistical Analysis
Data were analyzed using the GLM procedure of SAS Institute (2009). Regression analysis was done using the REG procedure of the SAS Institute (2009) with AME n intake being regressed against feed intake to determine the AME n values of each fat source. Regressions allowed individual estimations for each fat by-product source having the control diet (0% fat inclusion) as the starting point. Using this assumption, the 4 regressions generated had an intersection point (control diet) but different intercepts (i.e., the point where the regression crosses the Y axis). Analysis of variance was used to compare the effects of soybean oil by-products on the intercepts and slopes of the regressions (Littell et al., 1995) . Statistically significant differences were considered at P < 0.05. Means were compared by Tukey test at 5%.
RESULTS AND DISCUSSION
The chemical analysis of the fat by-products utilized in the present study are shown in Table 2 . These were considered within acceptable parameters for feed-grade fats considering minimum and maximums as suggested by Sell et al. (1986) . Energy balance of broilers is presented in Table 3 . Feed intake, and therefore GE intake, as well as amounts of excreta produced increased (P < 0.05) when the fat by-product inclusion was added to the diets. An exception was for birds fed the GLY added diets, which showed the highest increase in GE intake at 2% of dietary GLY inclusion (P < 0.05). Intake and excretion of AME n followed linear patterns within the levels of fat sources added (P < 0.05). The AME n determined for the basal diet was of 3,344 ± 38 kcal/kg. Apparent AME n intake was regressed against feed intake of the tested fat by-products (Figure 1) . The resulting linear regressions were adjusted as follows: ASS as Y = 7,153X -451.9 (P < 0.0001; r 2 = 0.787), GLY as Y = 3,916X -68.2 (P < 0.001; r 2 = 0.871), LEC as Y = 7,051X -448.3 (P < 0.001; r 2 = 0.868), and MIX (85% ASS, 10% GLY, and 5% LEC) as Y = 8,515X -622.3 (P < 0.0001; r 2 = 0.945). Estimations of AME n for ASS, GLY, LEC, and MIX were represented by the slope of these equations, i.e., 7,153, 3,916, 7,051, and 8,515 kcal/kg, respectively. Several AME n values for ASS and GLY have been reported in the literature; however, data on LEC are scarce. Published AME n values for ASS vary considerably. For example, Gaiotto et al. (2001) reported 6,715 kcal AME n /kg, while Peña et al. (2014) reported variations between 9,232 and 7,951 kcal/kg using different determination methods in 28-day-old broilers, and Freitas et al. (2005) reported 7,488 kcal/kg and 8,610 kcal/kg in 20-day-old broilers and roosters, respectively. Vilà and Esteve-Garcia (1996) reported 6,679 kcal AME n /kg when broilers from different ages 2 Control diet contained 100% basal diet whereas 2, 4, and 6% refers to the inclusion of these proportions of ASS (acidulated soybean soapstock), LEC (lecithin), GLY (glycerol) and MIX (85% ASS, 10% GLY, and 5% LEC).
3 Gross energy. 4 AME n = Calculated AME of each fat soy-byproduct and the mixture was corrected to zero nitrogen retention. 5 MIX = mixture of 85% acidulated soybean soapstock, 10% glycerol, and 5% lecithin were fed soybean acid oil. The study of Peña et al. (2014) also presented AME n values for LEC and GLY, of 7,502 kcal/kg and 5,447 kcal/kg, respectively. Additionally, Dozier et al. (2008) obtained 3,434 kcal/kg AME n for GLY in 24-day-old broilers while França et al. (2014) reported 3,900 kcal AME n /kg of GLY in 34-dayold broilers. In the present study, AME of GLY was reduced as its inclusion in the feed was increased. Bartelt and Schneider (2002) reported a decrease in the AME of GLY as the level of dietary GLY was increased in swine and poultry diets, which was likely due to an increased urinary excretion. Using starting pigs, Lammers et al. (2008a) observed a decrease in the ME of crude GLY with increasing levels of supplementation. Others (Dozier et al., 2008; Lammers et al., 2008b) have not found this effect, which indicates that this could be related to inclusion levels, but also due to the effect of other components present in the GLY utilized. The determination of AME n for fats have been done using different methods based either on a single dietary inclusion or graded inclusions, preferably in a range that is likely to be used in practice and from which prediction equations can be generated (Wiseman et al., 1991) . The variation between methods for fat AME n determination can influence the AME n value obtained and, therefore, this has to be considered when comparing different reported values for the same fat ingredient. For instance, the total excreta collection method (Dourado et al., 2010 ) generated AME n values for ASS that were higher than those generated with the TME n (Sibbald et al., 1961) . These authors found that the same ASS had 7,455 and 8,610 kcal AME n /kg in 20-dayold broilers and cockerels, respectively, and a TME n value of 8,195 kcal/kg in cockerels.
In the present study, the estimated AME n value obtained for MIX was higher than what would be obtained if AME n values for each individual fat source were proportionally added up to 1 kg. Proportions of the different fats in the MIX were originally thought to resemble the original composition of crude SO with ASS, GLY and LEC as building "blocks" to be assembled during absorption and metabolism (Lechowski et al., 1999) . Polyunsaturated fatty acids can increase the solubility of the micelle phase when mixed with saturated lipids (Voshol et al., 1998) . The combination of unsaturated with saturated fat sources has been reported to result in greater energy values than the original components (Sibbald et., 1961; Artman, 1964; Wiseman et al., 1986) . A study by Sklan (1979) suggested that the poorer fat absorption observed when feeding ASS as compared to triglycerides could be partially explained by a less efficient emulsification. This effect is supposedly due to a lack of monoglycerides needed for emulsification and, which, therefore limited dietary fat absorption. In addition, the lack of GLY backboned structures in ASS may interfere with the reassembling of triglycerides in the endoplasmic reticulum of enterocytes (Garrett and Young, 1975; Blanch et al., 1996) . The esterification of FFA when added in the same feed with GLY, as it was the case when GLY and ASS were combined in the MIX, has been reported to improve the nutritive value of acid oils (Vilarrasa et al., 2015) . Adding GLY simultaneously with FFA in broiler diets resulted in the appearance of significantly higher amounts of monoglycerides in the duodenum when compared to the feeding of FFA alone (Sklan, 1979) . The positive effect on AME n originating from combining highly unsaturated fatty acids with saturated ones has been suggested as the result of a synergism primarily related to the more efficient formation of micelles that are essential for the absorption of the products of fat digestion (Freeman, 1984) .
Several factors have been reported to influence the digestibility of fats which can explain some of the differences in reported AME n values. Some examples are the length of the carbonic chain, other factors as dietary calcium levels, non-starch polysaccharides content of the diet, feed processing, broiler strain, arrangement of the saturated and unsaturated fatty acids on the glycerol backbone; composition of the FFA; type and quantity of triglycerides supplemented in the diet; intestinal flora as well as sex and age of birds (Renner and Hill, 1960; Leeson and Summers, 2001; Nascif et al., 2004) .
The present study showed that ASS, GLY, and LEC are adequate energy sources for broiler feeds, which is in agreement with previous reported research. Adding ASS, GLY, and LEC in similar proportions present in the original crude soybean oil resulted in a higher proportional AMEn value for broilers, which seems to have been due to the synergism of the individual components of the MIX. Adding low cost by-products, such as those utilized in the present study can significantly impact broiler meat production cost. However, a more efficient reduction in cost can be obtained by benefiting from the synergistic effects obtained when the 3 fat sources are added together in the same feed. Such a strategy can be easily implemented in feed mills and will also add value to the by-products utilized.
